We investigated possible impairment of the signal transduction system in gastric myocytes of streptozotocin-induced diabetic (STZ) and spontaneous diabetic WBN/Kob (WBN/Kob) rats. Gastric motility 10 weeks after the onset of diabetes mellitus was significantly reduced in both diabetic rats compared with control, and the decreased motility was not recovered by the administration of insulin to maintain normal blood glucose levels. There was no significant difference between both types of diabetic rats and control rats in total number of Immunoblot analysis using polyclonal anti-G-protein antibodies indicated increased expression of G s␣ in gastric smooth muscle cell membranes, but no significant change in G i␣ or G q / 11␣ expression in STZ rats, and decreased expression of G q / 11␣ with no significant change in G s␣ and G i␣ in WBN/Kob rats. The cAMP production in gastric smooth muscle cell membranes was augmented in the absence and presence of 100 M isoproterenol, and 100 M forskolin in STZ rats, whereas no significant change of cAMP production was observed in WBN/Kob rats irrespective of the presence of the stimulants. These findings suggest that long-standing diabetes may induce alterations in signal transduction at downstream receptors in gastric myocytes, resulting in the impairment of gastric motility, although the mechanism of reduced contractile activity may differ between STZ and WBN/Kob rats.
and/or gastric myocytes. Guy et al demonstrated a severe reduction in the density of unmyelinated axons of the vagus nerve in stomach resected from a patient with intractable diabetic gastroparesis, in which the surviving axons that were of small caliber were found together surrounded by an accumulation of collagen (6) . Similarly, severe loss of myelinated fibers in the vagus nerve, inflammatory changes in autonomic ganglia, and unmyelinated nerve fibers were shown in diabetes patients with autonomic nerve disturbance (7) . In contrast, Yoshida et al reported an absence of abnormalities in the numbers or appearance of neurons or axons in the gastric myenteric plexus in patients with diabetes mellitus, with or without gastroparesis (8) , but no abnormalities of the gastric smooth muscle and vagus nerve morphologically. These findings suggest that the functional impairment of the vagus nerve and/or the pathway of postsynaptic levels in gastric myocytes may occur in patients with diabetic gastroparesis.
Intracellular calcium homeostasis may be impaired, as has been shown in several tissues in diabetes, including gastrointestinal myocytes (9) , with increased expression and activity of Na ϩ , K ϩ -ATPase or increased influx of Ca . A decrease in intracellular calmodulin or protein kinase C (PKC) has also been reported in duodenal and intestinal smooth muscles in STZ-induced diabetic rats, respectively (9) . In addition, a recent study on intracellular signaling in gastric myocytes showed that the production of inositol phosphate(s) in the presence of carbachol was decreased and the translocation of PKC was impaired in spontaneous diabetic rats (BB/W rats) together with decreased contraction of gastric muscle strips (10) . Taken together, long-standing diabetes mellitus may affect biochemical event(s) specifically in the gastric myocyte itself, resulting in impairment of gastric contraction.
Muscarinic acetylcholine receptors can be divided into m1 to m5 subtypes based on sequence data, which correspond to the pharmacological M1 to M4 subtype, with the exception of m5 (11).* We previously showed that muscarinic acetylcholine receptor subtypes m2 and m3 are expressed in rat gastric smooth muscles, of which m3 mainly induces spontaneous gastric contraction (12) . The present study was performed to investigate alteration(s) in expression and activity of muscarinic receptor, GTP-binding proteins and adenylate cyclase in streptozotocin-induced and spontaneous WBN/Kob diabetic rats used as models of diabetic gastroparesis.
MATERIALS AND METHODS
Chemicals. N-2-Hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), polyoxyethylene (20) sorbitan monolaurate, dimethyl sulfoxide, sodium lauryl sulfate (SDS), ethylene glycol-O,OЈ-bis-(2-aminoethyl)-N,N,NЈ,NЈ-tetraacetic acid (EGTA), 3-isobutyl-1-methylxanthine, ATP, disodium creatine phosphate tetrahydrate, creatine kinase, guanosine 5Ј-O-(3-thiotriphosphate (GTP␥S), and forskolin were obtained from Wako (Osaka, Japan), and streptozotocin was from Sigma (St. Louis, Missouri). All other chemicals were the highest grade of purity available commercially. Antibody against G proteins (RM/1, AS/7, QL), and [
3 H]quinuclidinyl benzilate, a muscarinic acetylcholine receptor antagonist, were from Du Pont NEN (Boston, Massachusetts), and the ECL assay kit for chemiluminescence, nitrocellulose membrane, and hyperfilms were from Amersham (Buckinghamshire, UK).
Animals. In this study we used two different models, streptozotocin-induced (STZ) and spontaneous diabetic (WBN/Kob) rats, to investigate receptor-effector coupling in gastric smooth muscle cells. For the former model, male Wistar rats (230 -250 g, 10 weeks of age; SLC Inc., Shizuoka, Japan) were given 35 mg/kg of streptozotocin dissolved in 100 mM citrate buffer (pH 4.8) via the tail vein. Rats with hyperglycemia of more than 300 mg/dl, which was measured by colorimeter (GR-100, Terumo, Japan) 24 hr after administration, were considered to have STZ-induced diabetes and were used for the study 10 weeks after the treatment. Control rats were treated with vehicle only. Blood glucose level and body weight measured immediately before experiments were 449 Ϯ 14 mg/dl and 192 Ϯ 9 g in STZ rats (mean Ϯ SE, N ϭ 15, P Ͻ 0.01 compared to before treatment), and 112 Ϯ 4 mg/dl and 369 Ϯ 3 g in control rats (mean Ϯ SE, N ϭ 15), respectively.
Spontaneous diabetic WBN/Kob rats, which are considered a model animal of non-insulin-dependent diabetes mellitus and are derived from Wistar rats (13, 14) , were supplied by SLC Inc. Urine glucose level was monitored once a month to ascertain onset of diabetes, and male WBN/Kob rats were supplied at the onset of diabetes around 11-12 months of age. When blood glucose measurement showed hyperglycemia of more than 300 mg/dl, animals were considered to have spontaneous diabetes and were used for study 10 weeks after confirmation of hyperglycemia. Male Wistar rats of a similar age (11 and 15 months of age) to WBN/Kob rats were used as a control. Blood glucose level and body weight measured immediately before experiments were 391 Ϯ 18 mg/dl (mean Ϯ SE, N ϭ 9, P Ͻ 0.01 compared to before onset of diabetes) and 330 Ϯ 9 g (not significantly different to before the onset of diabetes) in WBN/Kob rats, and 107 Ϯ 5 mg/dl and 474 Ϯ 9 g in control rats (mean Ϯ SE, N ϭ 4), respectively.
Measurement of Gastric Motility. Measurement of gastric motility was performed as previously described (12) . Briefly, rats were anesthetized with ether, a miniature gastric balloon was inserted into the glandular area through a *In this paper the pharmacologically and genetically defined muscarinic subtypes are represented by upper-and lowercase letters, respectively. small hole in the greater curvature at the forestomach about 5 mm from the edge of glandular area, a connecting tube was fixed at the gastric wall, and the incision was closed. On the second day, the rats were anesthetized with ether again and moved to a Bollman cage. After filling the catheter and balloon with water, the balloon system was connected to a pressure transducer (Life kit DX-360, Nippon Koden) and a polygraph (Nippon Koden). The system was adjusted to zero pressure by opening it to the atmosphere, and approximately 150 l of water was poured into the balloon. After recovery from anesthesia (approximately 1 hr), gastric motility was monitored with a recorder.
In some experiments, we measured gastric motility to examine whether hyperglycemia following acute injection of glucose may affect the motility. To monitor gastric motility, control Wistar rats (20 weeks of age) were given 50% glucose solution continuously to the jugular vein, and the blood glucose level was measured as described above every 5 min. To regulate blood glucose level, 12 units/kg of insulin was injected subcutaneously, and blood glucose was measured at 1 and 1.5 hr after the insulin injection, and thereafter every 15 min. STZ-induced rats at 10 weeks after STZ administration were given insulin similarly, and the gastric motility was measured.
The present study protocol was approved by the Institutional Committee of Hamamatsu University School of Medicine and followed the Regulations for Animal Study.
Membrane Preparation of Gastric Smooth Muscle Cells. After measurement of gastric motility, rats were killed by cervical dislocation, and the stomach was resected, opened along greater curvature, and rinsed with saline. Gastric mucosa was scraped off with a slide glass, and residual stomach was cut into small pieces with scissors in chilled saline, washed with cold sodium phosphate buffer (25 mM Na 2 HPO 4 , 25 mM NaH 2 PO 4 , 5 mM MgCl 2 , 0.02% NaN 3 , 0.1 mM phenylmethyl sulfonyl fluoride, 10 mM HEPES, pH 7.4). After centrifugation, the resultant tissue pellets were homogenized with a Potter-type homogenizer in two volumes of chilled sodium phosphate buffer and further homogenized with a Polytron type homogenizer. The homogenate was centrifuged at 700g for 15 min and then the supernatant was centrifuged at 30,000g for 30 min at 4°C. The pellets were resuspended in sodium phosphate buffer and kept at Ϫ80°C until use for subsequent examinations. Protein concentration was measured by the Lowry method (15) .
Binding of Muscarinic Receptor. Smooth muscle cell membranes (50 g protein/1.5 ml conical centrifuge tube) suspended in a total volume of 1 ml phosphate buffer were incubated with different concentrations of [ 3 H]QNB in the presence or absence of 10 M atropine (muscarinic acetylcholine receptor antagonist) at 37°C for 60 min. After incubation, the suspension was centrifuged at 18,000g at 4°C or 15 min and the supernatant was aspirated. The resultant pellet was washed once with 1 ml of ice-cold phosphate buffer and suspended in 100 l of 1 N NaOH over night. Five milliliters of scintillant (Hionic flour, Packard) was added to an aliquot of the suspension, and radioactivity was measured in a liquid scintillation counter (ARC-600, Aloka). Specific binding was defined as the difference in binding in the absence and presence of 10 M atropine. All binding assays were performed in duplicate and analyzed by linear regression analysis.
Immunoblot Analysis of G-Protein ␣-Subunits. Smooth muscle cell membranes containing 2 g/l membrane protein were boiled for 2 min in an equal volume of SDS sample buffer (2% SDS, 5% 2-mercaptoethanol, 25% glycerol, and 0.01% bromophenol blue, 62.5 mM Tris HCl, pH 6.8), and 20 g membrane protein was separated by SDS polyacrylamide gel electrophoresis (PAGE) as previously described (16) . Rat brain membranes were also resolved on SDS-PAGE in the same manner. Proteins were transferred to nitrocellulose membranes, and then the nitrocellulose membranes were blocked with 5% skim milk in phosphate buffer saline (PBS) supplemented with 0.1% Tween 20 (PBS-T, pH 7.5) for 1 hr. Polyclonal rabbit anti-G-protein antibodies (RM/1 for G s␣ ; AS/7 for transducin, G i␣1 , and G i␣2 ; QL for G q␣ and G 11␣ ; NEN) were diluted 1:2000 in 0.1% PBS-T and used as primary antibodies. The nitrocellulose membranes were incubated with the primary antibodies for 1 hr, washed five times with 0.1% PBS-T, and then reacted with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G, diluted 1:5000 with PBS-T for 1 hr. The enhanced chemiluminescence western blot detection system and Hyperfilm-ECL were used for the detection of the immunoactivity according to the manufacturer's recommendation. The intensity of individual bands was determined with a densitometric analysis system (ATTO). The data are expressed as the percentage of the densitometric value of rat brain membrane protein that was simultaneously loaded on the same gel.
Measurement of Adenylate Cyclase Activity. The adenylate cyclase activity in gastric smooth muscle cell membranes was determined by the method of Itoh et al (17) in the absence or presence of isoproterenol (␤-adrenergic receptor agonist), GTP␥S, and forskolin. Reactions were carried out with 30 g of the membrane proteins at 30°C for 10 min in 25 mM Tris HCl (pH 7.5) containing 5 mM MgCl 2 , 1 mM EGTA, 0.4 mM 3-isobutyl-1-methylxanthine, 0.5 mM ATP, 5 mM phosphocreatine, and 50 units/ml creatine phosphokinase in a total volume of 200 l. After the incubation, the reaction was stopped by immersing the incubation tube into boiling water for 2 min. The supernatant obtained by centrifugation at 1500g for 10 min was used for the measurement of cAMP with Yamasa Cyclic AMP Assay Kit (Yamasa Shoyu Co., Chiba, Japan). The adenylate cyclase activity was expressed as picomoles per milligram of protein per minute.
Statistical Analysis. All data are expressed as mean Ϯ SE. A one-way analysis of variance with the modified t test was used for statistical comparisons, and P Ͻ 0.05 was considered to indicate a significant difference.
RESULTS
Gastric Motility. Spontaneous gastric motility was significantly decreased in both STZ and WBN/Kob rats ( Figure 1 ). When frequency and intragastric pressure were compared to estimate the motility, both indexes were reduced in STZ rats (N ϭ 15) to 55% and 30% of control valves (N ϭ 15), respectively (Table 1) . Similarly, the frequency and intragastric pressure in WBN/Kob rats (N ϭ 9) were reduced to 67% and 52% of control valves (N ϭ 4), respectively (Table 1) .
Binding Study of [ 3 H]QNB for Muscarinic Acetylcholine Receptor.
The ligand binding activity of the muscarinic acetylcholine receptor was characterized in the gastric smooth muscle cell membranes by using (Table 2 ). In the following experiments, we examined the expression of GTPbinding proteins and adenylate cyclase activity in gastric smooth muscle cell membranes.
Immunoblot Analysis of GTP-Binding Protein Expression.
Expression of the G s␣ protein (45 and 52 kDa), which stimulates adenylate cyclase, was augmented significantly in gastric smooth muscle cell membranes of STZ rats (P Ͻ 0.01), whereas there was no significant difference in expression of this protein in WBN/Kob rats compared with control rats ( Figure 3A ). Densitometric analysis of combined optical densities of both bands showed that the relative intensity of G s␣ was 82.3% (N ϭ 6) and 47.4% (N ϭ 6) (expressed as percentage of G s␣ in brain membranes) in STZ and WBN/Kob rats, and 47.4% (N ϭ 6) and 44.1% (N ϭ 4) in control rats, respectively.
Expression of the G i␣ protein (41 kDa), which inhibits adenylate cyclase, was slightly increased to 35.5% (N ϭ 8) in STZ rats, but this was not significantly different to control (28.6%, N ϭ 8) ( Figure  3B ). Similarly, no significant difference was observed in the G i␣ protein expression WBN/Kob rats compared to controls (WBN/Kob, 26.5%, N ϭ 8, control, 24.8%, N ϭ 4).
The G q / 11␣ protein, which couples phosphatidylinositol turnover and intracellular Ca 2ϩ release, was expressed at normal levels in STZ rats, but expression was significantly decreased in WBN/Kob rats when compared to controls (P Ͻ 0.05) (STZ rats, 59.1%, N ϭ 6; control, 65.1%, N ϭ 6; WBN/Kob, 36.4%, N ϭ 7; control, 56.7%, N ϭ 4) ( Figure 3C) .
Measurement of Adenylate Cyclase Activity. The production of cAMP was measured as an index of the adenylate cyclase activity in gastric smooth muscle cell membrane in the absence or presence of 100 M isoproterenol, 100 M GTP␥S, and 100 M forskolin (Figure 4 ). Basal levels of cAMP production were equivalent between WBN/Kob rats and controls, but were significantly higher than controls in STZ rats (P Ͻ 0.05; Table 3 ). cAMP production was increased in the presence of 100 M isoproterenol, 100 M GTP␥S, or 100 M forskolin, on-treatment controls in both STZ and WBN/Kob rats. cAMP production was significantly higher in STZ rats (N ϭ 5) compared with control rats (N ϭ 5) treated with isoproterenol and forskolin (P Ͻ 0.05) and was also higher after GTP␥S treatment in STZ rats than in controls. In contrast, there was no significant difference in cAMP production between WBN/Kob (N ϭ 5) and control rats (N ϭ 4) in the presence of isoproterenol, GTP␥S, and forskolin.
DISCUSSION
We examined intracellular signal transduction in gastric smooth muscle from two animal models of diabetes mellitus. STZ rats have been widely used as a model of human diabetes mellitus (18) ; however, treatment with STZ was shown to cause neurotoxicity independent of diabetes mellitus (19) , and diabetic gastroparesis developed even in patients without autonomic neuropathy (20) . As there is currently no single good animal model of human diabetes, we examined two models and compared the findings in both models, in which the reduction of gastric motility was observed. When STZ rats were given a sufficient amount of insulin to maintain normal blood glucose level, they still showed impairment of gastric motility (data not shown), suggesting that the decrease of gastric motility could be caused by metabolic changes other than hyperglycemia induced by the diabetic condition.
Gastrointestinal smooth muscles are regulated by neuronal, hormonal, and paracrine mechanisms (21) . Excitatory motor neurons release acetylcholine and neurokinins, such as substance P and neurokinin A. Inhibitory motor neurons release nitric oxide (NO), vasoactive intestinal polypeptide (VIP), pituitary adenylate cyclase-activating peptide (PACAP), and possibly ATP. All of these transmitters except for NO act directly on gastrointestinal smooth muscle through the corresponding G-protein coupled receptors on the cell surface. The muscarinic acetylcholine receptor has a pivotal role in regulating smooth muscle contraction, and m2 and m3 subtypes are expressed in rat gastric smooth muscles (12) . Activation of the m3 subtype, which couples to G q / 11␣ , stimulates phospholipase C␤, followed by production of inositol triphosphate and intracellular Ca 2ϩ release from the sarcoplasmic reticulum with concomitant Ca 2ϩ entry inducing smooth muscle contraction (21) . Activation of the m2 subtype, which couples to G i␣ /G o␣ , inhibits adenylate cyclase activity (21) , thereby stimulating smooth muscle contraction indirectly by suppression of cAMP production induced by the activation of G s␣ coupled receptor (22) .
In the present study, there was no significant difference in the number of (23) speculated that G-proteins coupled to muscarinic receptor might be functionally impaired in diabetic db/db rats, because the displacement of [ 3 H]NMS in the presence of carbachol was shifted to the right compared with control and no right shift of the displacement curve of carbachol was observed in the presence of GTP␥S (23). Takahashi et al showed that gastric contraction in response to carbachol and substance P as well as NaF, a direct stimulant of G-protein (10), was reduced in muscle strips prepared from spontaneous diabetic BB/W rats, whereas there was no impairment of the contraction mediated through the activation of voltage-dependent Ca 2ϩ channel in the presence of KCl (10); suggesting that long-standing diabetes may induce alteration of downstream receptors in gastric myocytes. In the present study, the amount of G s␣ protein was increased in STZ rats without any significant changes in G i␣ and G q / 11␣ . Simultaneously, adenylate cyclase activity was also augmented from basal levels or in the presence of isoproterenol and forskolin. It is possible, therefore, that the reduction of spontaneous gastric contraction in STZ rats may be caused by the increase of cAMP production, although adenylate cyclase itself was not evaluated in this experiment. In contrast, despite the fact that there were no changes in G s␣ and G i␣ levels in WBN/Kob rats, G q / 11␣ was decreased without any significant change of cAMP production, which suggests disturbance of the stimulatory pathway via G q / 11␣ and to be responsible for the impairment of inositol triphosphate production observed in diabetic BB/W rats (10) .
Alterations of G-proteins have been shown in several tissues in diabetes mellitus other than gastrointestinal smooth muscles; lower expression of the G i ␣2, ␣3, and ␤ subunits of liver membranes, or of G s␣ and G i␣ in adipocytes in spontaneous diabetic db/db mice were reported (9) . Similarly, a decrease in G s and G i protein expression in kidney and functional alteration of G i in retina were observed in STZ rats (9) . Although nothing is currently known about the impairment of G-proteins in gastric myocytes during long-term diabetes mellitus, similar events to those observed in tissues outside gastrointestinal smooth muscles may occur, because G-proteins are ubiquitous in the body.
In summary, spontaneous gastric motility was impaired in both STZ-induced and spontaneous diabetic WBN/Kob rats. No alteration of muscarinic receptor density of gastric smooth muscle cells was observed in either type of diabetic rat, whereas G s␣ protein expression was up-regulated together with adenylate cyclase activity in STZ rats, and G q / 11␣ protein in spontaneous diabetic WBN/Kob rats was downregulated. Taken together with previous studies, there results suggest that long-standing diabetes may affect the intracellular signaling system in gastric myocytes, although more evidence on the impairment of intracellular signaling is needed for a clear understanding of the pathophysiology of this condition. Figure 4 were shown as pmol/mg protein/min (mean Ϯ SE). †P Ͻ 0.05.
